Introduction
============

Duck enteritis virus (DEV) is an alphaherpesvirus that causes duck viral enteritis (DVE) or duck plague (DP) and an acute contagious disease in waterfowl. Due to its high morbidity and mortality rate, DEV is associated with heavy economic losses in the commercial duck industry \[[@B16]\]. In the present study, we determined that glycoprotein N (gN), encoded by the UL49.5 gene, was conserved among herpesviruses based on genomic sequence analysis. The DEV UL49.5 gene is 288 bp in size (GenBank Accession No. EU195112), and located between the UL49 and UL50 genes. The complete sequence of DEV UL49.5 protein (pUL49.5) includes 95 amino acids (aa) with a high number of alanine, serine, and valine residues but no asparagine.

Recent studies have revealed that gN of the herpes simplex virus (HSV-1) \[[@B29]\], human cytomegalovirus (HCMV) \[[@B26]\], bovine herpesvirus 1 (BHV-1) \[[@B17]\], and pseudorabies virus (PRV) \[[@B20]\], is an envelope glycoprotein. This protein influences viral replication and localizes primarily to the cytoplasm \[[@B5]\]. PRV gN was reported to be an O-glycosylated structural protein of the viral envelope \[[@B7]\]. However, the number of amino acids is not completely consistent between each herpesvirus, and it is not yet entirely clear whether the functions of this protein are affected by this difference. In some reported herpesviruses, gN has a specific function as a single protein \[[@B11],[@B14],[@B18]\]. However, in most cases gN typically forms a protein complex with glycoprotein M (gM) through disulfide bonds \[[@B13]\].

Genes encoding gM and gN are conserved among herpesviruses and form a functional complex. Both proteins are located in the viral envelope, and help facilitate viral entry and egress \[[@B13]\]. Aside from functioning as a viral structural protein, gN has an additional role in immune evasion \[[@B14],[@B18]\]. In several types of varicellovirus, gN prevents peptide transport through transporter associated with antigen processing (TAP) protein \[[@B12]\]. BHV-1 gN inhibits TAP by inducing degradation of the TAP complex and preventing conformational changes essential for peptide transport \[[@B17]\].

While the intracellular localization of most alphaherpesvirus gN, such as that in HSV-1, BHV-1, and PRV, has been well characterized \[[@B17]\], little is known about the location to where DEV pUL49.5 is targeted. We conducted the current investigation to determine the intracellular localization and colocalization of DEV pUL49.5 and DEV gM in living cells (DEFs) based on previous bioinformatics analysis of these two proteins \[[@B16]\]. Two recombinant plasmids, pEGFP-C1/pUL49.5 and pDsRed1-N1/gM, were constructed to transfect duck embryo fibroblasts (DEFs). At the same time, the plasmids pEGFP-C1 and pDsRed1-N1 were used as negative controls. The two negative control plasmids contained genes that encoded enhanced green fluorescent protein (EGFP) or red fluorescent protein (RFP), respectively. Our study provided information that helped elucidate DEV pUL49.5 and gM functions, and will be useful for further understanding the interaction of these two proteins.

Materials and Methods
=====================

Virus, cells, and viral DNA extraction
--------------------------------------

The DEV CHv strain isolated in our laboratory was grown in DEFs. Monolayer cultures of DEFs were incubated in Dulbecco\'s modified Eagle medium (DMEM) supplemented with 10% newborn calf serum (NBCS) at 37℃. When the cytopathic effect (CPE) was about 80%, viral DNA was extracted from the DEV-infected DEFs with phenol-chloroform and precipitated with ethanol. The DNA was stored in TE buffer (10 mM Tris-HCl; 1 mM EDTA, pH 8.0) at -20℃.

PCR amplification and plasmid construction
------------------------------------------

A pair of primers was designed by Primer premier 5.0 and synthesized by Invitrogen (USA). To facilitate cloning, *Hind*III or *BamH*I restriction sites (underlined) were incorporated into the forward primer (5\'-CC[AAGCTT]{.ul}CGATGGCTTCTATGGAGACAGC-3\') and reverse primer (5\'-CG[GGATCC]{.ul}TTACCAATCTACCCTAAACATG-3\'), respectively. Primers for amplifying DEV gM (forward: 5\'-[CTCGAG]{.ul}ATGGGATCCATGAATGGGC-3\' and reverse: (5\'-[CCGCGG]{.ul}TTCACTATCCGACGAGAAATGAGT-3\') containing *Xho*I or *Sac*II restriction sites (underlined), respectively, were also designed by Primer premier 5.0 and synthesized by Invitrogen (USA). Using DEV CHv DNA as the template, the PCR was performed with reactions (20 µL/tube) containing 10 µL PrimeSTAR (premix) DNA polymerase, 0.4 µL of each primer (10 pmol each), 0.3 µL DNA template, and 8.9 µL ultrapure water.

DEV UL49.5 PCR products and pEGFP-C1 were digested by *Hind*III or *BamH*I, respectively, and then ligated with T4 ligase to produce the pEGFP-C1/pUL49.5 plasmid ([Fig. 1A](#F1){ref-type="fig"}). The pDsRed1-N1/gM plasmid was constructed in the same way following digestion by *Xho*I and *Sac*II ([Fig. 1B](#F1){ref-type="fig"}). Successful production of the pEGFP-C1/pUL49.5 and pDsRed1-N1/gM plasmids was subsequently confirmed by PCR, restriction enzyme digestion, and sequencing as previously described \[[@B6]\].

Bioinformatic analysis of DEV pUL49.5
-------------------------------------

Based on the results of NCBI BLASTN, and using the Clustal method, the phylogenetic analyses between DEV pUL49.5 and gN sequences of 15 herpesviruses were performed ([Table 1](#T1){ref-type="table"}). The predicted DEV pUL49.5 protein structure was analyzed with PSORT II Prediction \[[@B8]\], NetPhos2.0 \[[@B3]\], NetNGlyc1.0, NCBI Conserved Domains (National Center for Biotechnology Information, USA), and SignalP 3.0 \[[@B1]\]. The secondary structure was assessed by TMHMM (Center for Biological Sequence Analysis, Denmark). In addition, hydrophobicity analysis and primary structure evaluation were conducted with BioEdit 7.0 and BioEdit 7.0 and DNAstar 7.10 (DNASTAR company, USA), respectively.

DEF culture and transfection
----------------------------

The pEGFP-C1/pUL49.5 plasmid and Lipofectamine 2000 (Invitrogen, USA) were mixed at a ratio ranging from 1 : 0.5 to 1 : 5 and incubated at room temperature for 20 min. The resulting complexes were used to transfect in triplicate DEFs. Cells were greater than 90% confluent before being subjected to transfection. The cells were washed with phosphate buffered saline (PBS) and incubated with 500 µL of complexes per well at 37℃ for at least 5 h. The cells were also transfected with pDsRed1-N1/gM in the same manner. The pDsRed1-N1/gM and pEGFP-C1/pUL49.5 plasmids were mixed at a ratio 1 : 1 for co-transfection and used to transfect the DEFs as described above. The cells were also transfected with pEGFP-C1 and pDsRed1-N1 as negative controls, and a mock transfection was performed with DMEM as a blank control. All negative and blank control transfections were performed in triplicate. At different time points (0, 6, 12, 18, 24, 36, 48, 60, and 72 h) after transfection, the cells were washed with PBS. The cell nuclei were then stained with 4\',6-diamidino-2-phenylindole (DAPI, 5 µg/mL; Beyotime Institute of Biotechnology, China). The cells were viewed after staining with fluorescence microscopy (Nikon, Japan).

Images acquisition and processing
---------------------------------

Images were captured with fluorescence microscopy (Nikon, Japan).

Results
=======

Construction of the recombinant plasmids
----------------------------------------

Construction of the pEGFP-C1/pUL49.5 plasmid was confirmed by PCR, restriction enzyme digestion ([Fig. 2A](#F2){ref-type="fig"}), and sequencing. The pDsRed1-N1/gM plasmid was also successfully constructed and characterized ([Fig. 2B](#F2){ref-type="fig"}). Sequences of the DEV UL49.5 gene and UL10 gene (encoding gM) in the plasmids were identical to those published in PubMed.

Phylogenetic and structure prediction analyses of DEV pUL49.5
-------------------------------------------------------------

Phylogenetic analysis based on gN protein sequences of different herpesvirus strains clearly demonstrated that DEV pUL49.5 was more homologous to gN of alphaherpesvirus than with those of the beta and gamma subfamilies ([Fig. 3A](#F3){ref-type="fig"}). Consequently, DEV pUL49.5 should be designated as *Alphaherpesvirinae*. Similarity comparison of gN sequences of the DEV CHv strain to those of 16 known herpesviruses clearly demonstrated that the DEV pUL49.5 most closely resembled meleagrid herpesvirus 1 (MeHV-1) gN, and both gene sequences belonged to the herpesvirus UL49.5 superfamily. DEV pUL49.5 was most closely related to MeHV-1 gN and formed a single cluster. However, the protein sequences were seldom consistent with each other ([Fig. 3B](#F3){ref-type="fig"}).

Primary structure analysis showed that DEV pUL49.5 has 95 aa with a molecular weight of 10.15 kDa, theoretical isoelectric point (pI) of 5.05, and 0.760 grand average of hydropathicity (GRAVY). Using hidden Markov models (HMM) and neural networks (NN) of SignalP 3.0 \[[@B1]\], the most likely signal peptide cleavage site was found between 33 aa and 34 aa. The probability of SignalP-HMM was 0.907 ([Fig. 3C](#F3){ref-type="fig"}) and that for SignalP-NN was 0.991 ([Fig. 3D](#F3){ref-type="fig"}). Additionally, DEV pUL49.5 ([Fig. 3E](#F3){ref-type="fig"}) appears to contain six phosphorylation sites, continued serine predictions (at aa 8, 43, and 60), and threonine predictions (at aa 12, 40, and 87). Data indicated that DEV pUL49.5 has two predicted hydrophobic domains ([Fig. 4A](#F4){ref-type="fig"}). The predicted transmembrane domain of DEV pUL49.5 may span aa 7\~29 and aa 61\~83. Moreover, an ectodomain span (aa 30\~60) and cytoplasmic span (aa 1\~6 and aa 84\~95) were all identified. These findings suggested that DEV pUL49.5 is an envelope glycoprotein with two transmembrane domains with a probability of 0.995 ([Fig. 4B](#F4){ref-type="fig"}). Secondary structure analysis ([Fig. 4C](#F4){ref-type="fig"}) indicated that the alpha helix (H), extended strand (E), and random coil (C) occupied 57.89% (55 aa), 6.32% (6 aa), and 35.79% (34 aa), respectively. In addition, the predicted subcellular localization demonstrated that 66.7% of the DEV pUL49.5 is in endoplasmic reticulum, 11.1% is in vacuoles, 11.1% is in the Golgi, and 11.1% is extracellular. Thus, the DEV pUL49.5 is mostly distributed in the cytoplasm.

Intracellular localization of DEV pUL49.5 in DEFs
-------------------------------------------------

The DEFs were transfected with pEGFP-C1/pUL49.5 to confirm the intracellular localization of DEV pUL49.5. At 0 h after transfection, no EGFP was detected. Green fluorescence (almost invisible) first appeared 6 h after transfection, and was then clearly observed 12 h following transfection. After that, the fluorescence intensity gradually increased before reaching a peak 60 h after transfection, and finally decreased slightly 72 h following transfection. The green fluorescence was widely distributed in the cytoplasm and was particularly intense in the area around the nucleus that was stained with DAPI. Meanwhile, DEFs were transfected with the pEGFP-C1 plasmid as a negative control. The resulting fluorescence showed that EGFP was distributed throughout the entire cell at all time points ([Fig. 5](#F5){ref-type="fig"}). These results showed that the DEV pUL49.5 protein localized in the cytoplasm.

Colocalization of DEV pUL49.5 and gM in DEFs
--------------------------------------------

DEFs were also transfected with pDsRed1-N1/gM to confirm the intracellular localization of DEV gM. As shown in [Fig. 6](#F6){ref-type="fig"}, red fluorescence appeared in the cytoplasm of the transfected cells, particularly in the area around the nucleus. Fluorescence was first detected 12 h after transfection. The intensity increased rapidly thereafter, achieved a maximum 60 h following transfection, and then slightly decreased 72 h after transfection. In the control cells, red fluorescence appeared in all regions.

To determine whether DEV pUL49.5 localized in the same region as gM, DEFs were cotransfected with the two recombinant plasmids. Results of the experiment indicated that the two fluorescence signals overlapped. This was first observed 12 h after transfection and continued to persist until the end of the study ([Fig. 7](#F7){ref-type="fig"}).

Discussion
==========

Presently, bioinformatic software is needed for analyzing genes and predicting protein structure. In the current study, the phylogenetic tree showed that DEV pUL49.5 belongs to the herpesvirus UL49.5 superfamily and is most closely related to MeHV-1 gN. This suggested that the structure and function of DEV pUL49.5 is similar to that of MeHV-1 gN. Similar to pUL49.5 of other herpesviruses, DEV pUL49.5 is most likely a membrane protein with a predicted and cleavable signal sequence (first hydrophobic region) as well as a membrane anchor region in the C-terminus \[[@B18]\]. However, analysis of the signal peptide and transmembrane domains indicated that DEV pUL49.5 is extremely likely to be a membrane protein with a predicted and cleavable signal sequence along with two transmembrane domains. In addition, the two hydrophobic regions with a predicted result were located in regions consistent with those of the transmembrane domains in the DEV pUL49.5 sequence. It could be thus concluded that DEV pUL49.5 is different from pUL49.5 proteins of other herpesviruses.

DEV pUL49.5 was predicted to be entirely in the cytoplasm with a 66.7% probability that it could appear in the endoplasmic reticulum. The intracellular localization of a protein is important for understanding its function because proteins cooperate towards a common biological function, it means that they should localized in the same subcellular compartment first \[[@B22]\]. The most common methods to assess intracellular localization are direct or indirect immunofluorescence assays \[[@B27]\], immune colloidal gold staining \[[@B21]\], and the expression of recombinant plasmids with fluorescent reporter genes. Gene transfection with constructs expressing fluorescent proteins was used for the present study due to the ease, low error rate, relatively low cost, and ability to monitor dynamic changes associated with this technique \[[@B9]\]. Lipofectamine 2000 \[[@B15]\] was used to transfect DEFs with the recombinant plasmids that contained the cloned genes. Nucleic acid-Lipofectamine 2000 complexes can be added directly to cells in culture medium and produce high transfection rates in the presence or absence of serum \[[@B28]\]. Fluorescent protein has a wide range of applications in molecular biology as a reporter \[[@B10],[@B19]\]. Two fluorescent proteins, EGFP and RFP, derived from jellyfish *Aequorea victoria* and coral *Discosoma* spp., respectively, were used in this study \[[@B2]\].

The cytoplasm and endoplasmic reticulum were predicted to be enriched with DEV pUL49.5. In order to prove this hypothesis, the intracellular localization of DEV pUL49.5 was examined using EGFP-tagged DEV pUL49.5. The fluorescence observed within 72 h after transfection revealed that the prediction was correct. Additionally, was found that DEV pUL49.5 expression underwent subtle changes in the cytoplasm. At 6 and 12 h after transfection, DEV pUL49.5 was distributed in a punctate manner. Over time, DEV pUL49.5 expression extended into the entire cytoplasmic region. Thus, we speculated that DEV pUL49.5 was concentrated in the endoplasmic reticulum as hypothesized. Moreover, DEV pUL49.5 expression reached a maximum 60 h after transfection, implying that the UL49.5 gene was expressed during the late stage of the infection cycle.

According to previous reports of other herpesviruses \[[@B13]\], we speculated that DEV pUL49.5 would form a complex with gM in the cytoplasm. Based on studies of HSV-1, PRV, HCMV, MDV, and other herpesviruses, gM and gN have interaction. In HCMV, gM and gN are covalently linked in a complex via a disulfide bond formed between conserved cysteine residues located at the putative second extracellular loop of gM and at the position immediately adjacent to the amino-terminal boundary of the putative transmembrane domain of gN \[[@B23]\]. In addition, a non-covalent bond also contributes to the interaction, and may represent the core-binding mechanism of the gM/gN complex \[[@B13]\]. Although gM in alphaherpesvirus is not essential for viral replication in cell cultures, disruption of this gene reduces viral growth \[[@B24]\]. In contrast, gM is essential for HCMV and MDV replication \[[@B4]\]. Of particular interest, gN has a special function in varicelloviruses. Even when in a complex formation with gM, gN of BHV-1 and equine herpesvirus 4 (EHV-4) helps avoid T cell recognition by mediating TAP inactivation and the down-regulation of cell surface major histocompatibility complex class I (MHC I) expression \[[@B17],[@B25]\].

gM and gN protein interaction has been identified in several types of herpesviruses. DEV gM has been reported to have a cysteine residue and serve as an envelope glycoprotein \[[@B16]\]. Since gN possesses a cysteine residue, it was highly possible that DEV gM and pUL49.5 could be connected with a disulfide bond. In order to confirm this possibility, we first needed to prove that the functional areas of the two proteins were consistent. Colocalization of gM and pUL49.5 was evaluated after the intracellular localization of gM had been identified. Red fluorescence corresponding to DEV gM was first observed at 12 h after transfection, later than that of pUL49.5, but reached its peak at the same time as green fluorescence indicative of pUL49.5 expression (60 h). This finding indicated that the expression of DEV gM started later than that of pUL49.5, while the expression rate of gM was faster. It is worth noting that the fluorescence intensity of EGFP and RFP was different, so the color cannot be a basis for comparison. Furthermore, nuclei stained by DAPI could not be displayed in the merged images because the inverted microscope had only of only two fluorescence channels. According to the merged images showing the two types of fluorescent signals, DEV pUL49.5 and gM were localized the same region, thereby confirming our prediction. Based on our data, it is highly probable that DEV pUL49.5 interacts with gM in the cytoplasm. However, further experiments are required to determine whether DEV pUL49.5 has the same functions as the pUL49.5 protein of other herpesviruses.

This research was supported by the China Agricultural Research System (CARS-43-8), Sichuan Province Research Programs (2013HH0042, 2013TD0015, 11ZA084, 12TD005, 2011ZO0034, and 2011JO0040), the Ministry of Education Program (20125103110013), China.

There is no conflict of interest.

![Construction of the recombinant plasmids. (A) Construction of the pEGFP-C1/pUL49.5 plasmid. (B) Construction of the pDsRed1-N1/gM plasmid.](jvs-15-389-g001){#F1}

![Identification of the recombinant plasmids using PCR and restriction enzyme digestion. (A) Identification of the pEGFP-C1/pUL49.5 plasmid. M, DNA marker; Lane 1, products produced by *BamHI* and *HindIII*; Lane 2, product produced by *BamHI*; Lane 3, product produced by *HindIII*; Lane 4, PCR product. (B) Identification of the pDsRed1-N1/gM plasmid. M, DNA marker; Lane 1, products produced by *Xho*I and *Sac*II; Lane 2, undigested pDsRed1-N1/gM plasmid; Lane 3, product produced by *Sac*II; Lane 4, PCR product.](jvs-15-389-g002){#F2}

![Phylogenetic analysis and prediction of functional sites in duck enteritis virus (DEV) pUL49.5. (A) The phylogenetic tree generated based on DEV pUL49.5 and gN sequences of 15 reported herpesviruses. (B) Sequence alignment showing evolutionary relationships. Red indicates similarities while blue indicates differences. (C) Predicted signal peptide in DEV pUL49.5 according to SignalP-HMM. (D) Predicted signal peptide in DEV pUL49.5 according to SignalP-NN. \"C score\" indicates the cleavage site probability, \"S score\" indicates the possible region of the signal peptide, and the \"Y score\" is a derivative of the C score representing the cleavage site probability. (E) Predicted phosphorylation sites in DEV pUL49.5.](jvs-15-389-g003){#F3}

![Prediction of the DEV pUL49.5 structure. (A) Prediction of the primary DEV pUL49.5 structure. The black wire frame represents the transmembrane domain, the hydrophobicity plot is displayed in purple, and the surface probability plot is shown in yellow. (B) Transmembrane domain profile of gN. The extracellular domain is pink, the transmembrane domains are red, and the cytoplasmic domains are blue. (C) Prediction of the DEV pUL49.5 secondary structure. \"H\" represents the alpha helix, \"E\" represents the extended strand, and \"C\" represents the random coil.](jvs-15-389-g004){#F4}

![Intracellular localization and distribution of DEV pUL49.5 in DEFs. In the first column, green indicates expression of the pUL49.5+EGFP fusion protein. In the second column, blue represents the cell nuclei counter-stained with DAPI. Merged images are shown in the third column. In the fourth column, green represents EGFP expression as a negative control.](jvs-15-389-g005){#F5}

![Intracellular localization and distribution of DEV gM in DEFs. In the first column, red represents expression of the gM+RFP fusion protein. In the second column, blue represents nuclei counter-stained with DAPI. The third column contains merged images. In the fourth column, red represents the expression of RFP as a negative control.](jvs-15-389-g006){#F6}

![Colocalization of DEV pUL49.5 and gM in DEFs. In the first column, green represents expression of the pUL49.5+EGFP fusion protein. In the second column, red represents expression of the gM+RFP fusion protein. The third column contains merged images. In the fourth column, green represents the expression of EGFP as a negative control. In the fifth lane, red represents the expression of RFP as a negative control.](jvs-15-389-g007){#F7}

###### 

Accession numbers of herpesvirus gN sequences used in this study

![](jvs-15-389-i001)

^\*^These herpesviruses have been reported and their glycoprotein N (gN) sequences have some similarities with DEV pUL49.5 according to NCBI BLAST analyses. ^†^The accession numbers correspond to gN sequences of different herpesviruses.

[^1]: ^†^These authors equally contributed to this work.
